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 1. INTRODUCTION
Probably one of the most intriguing phenomena in
the vast area of superconductivity is the socalled fish
tail effect (FE) which manifests itself as a maximum in
the field dependence of the magnetization. There are
many different explanations regarding the existence
and evolution of FE (see, e.g., [1–12] and further ref
erences therein). However, the most plausible scenario
so far is based on the oxygen deficiency mediated pin
ning of Abrikosov vortices in nonstoichiometric
materials with the highest possible TC due to a perfect
match between a vortex core and a defect size. It has
been unambiguously demonstrated that by diminish
ing the deficiency of oxygen in undoped
YBa2Cu3O7 ⎯ δ, the FE decreases and tends to disap
pear completely. A characteristic field at which this
phenomenon usually occurs is of the order of a few
Tesla.
In this Letter we report on observation of a low
field (Josephson) analog of the highfield (Abrikosov)
FE in YBa2Cu3O7 – δ single crystals with giant screw
dislocations (having the structure of Archimedean spi
rals), which we attributed to the perfectly matched
 ¶The article is published in the original.
pinning of the spiral 2D Josephson fluxons with the
temperature dependent spiral pitch bf(T) (predicted
by Aranson, Gitterman, and Shapiro [13]) by the
Archimedean spirals with the pitch b = 18.7 μm.
2. SAMPLE CHARACTERIZATION
One of the most reliable growing techniques used
to obtain highquality crystalline superconducting
samples is related to the socalled chemical route
based on the selfflux method [14]. It allows to obtain
samples with almost no secondary phases (as com
pared to the traditional method of solidstate reaction
[15]). Our samples (2.8 × 2.1 × 0.9 mm) were prepared
following the selfflux method with different routes
using both the heat treatment and environmental con
ditions (oxygen and argon atmospheres) [16]. The
phase purity and the structural characteristics of our
samples were confirmed by both scanning electron
microscopy (SEM) with Energy Dispersive Xray
Analysis (EDX) accessory and Xray diffraction
(XRD), including the standard Rietveld analysis.
Crystalline phases were confirmed by XRD using a
Rigaku instrument with a Si 111 monochrometer.
XRD pattern (shown in Fig. 1) was taken using CuKα
radiation (λ = 1.5418 Å). Quantitative analysis of ele
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ments present in both crucibles and crystals was eval
uated with accuracy of up to 0.01%. The resulting dia
gram is shown in Fig. 2 which depicts the relative value
of the components present in single crystal (normal
ized with respect to Y) along with the theoretically
predicted estimates for δ = 0.2. Figure 3 shows SEM
surface scan topography of YBa2Cu3O7 – δ single crys
tals with a giant screw dislocation having the structure
of the Archimedean spiral on 100 μm scale (with a = 3
spiral turnings and the pitch b = 18.7 μm) along with a
schematic structure of the onearmed Archimedean
spiral (with three 360° turnings counterclockwise)
which in polar coordinates is defined by the equation
ρ = bθ where b is a pitch (distance between successive
turnings).
3. RESULTS AND DISCUSSION
AC susceptibility technique has proved very useful
and versatile tool for probing lowfield magnetic flux
penetration in superconductors on macroscopic level
(see, e.g., [17–21] and further references therein). In
this paper, AC measurements were made by using a
highsensitivity homemade susceptometer based on
the screening method and operating in the reflection
configuration [17]. We have measured the complex AC
susceptibility χac = χ' + iχ'' as a function of the applied
AC field hac(t) = h0cos(ωt) (with the amplitude
0.01 Oe ≤ h0 ≤ 50 Oe and frequency 1 kHz ≤ ω ≤
30 kHz) taken at fixed temperature. Initially, to ensure
the formation of the socalled onearmed spiral flux
ons [13] winding around the weaklink regions of the
Archimedean spirals, hac was applied parallel to the
sample’s surface. To measure the response from the
pinned (stabilized) fluxons, the magnetic field was
applied normally to the surface. Figure 4 shows a typ
ical dependence of the AC susceptibility χ'(T, h0) on
AC field amplitude h0 for different temperatures along
with the corresponding critical temperature, TC. It is
important to notice that a rather high value of TC in
our single crystals is achieved by preparing samples in
argon atmosphere. Notice an unusual reentranttype
behavior of χ'(T, h0) along with a clear peaklike struc
ture (around h0 = 5 Oe) shifting to lower fields with
temperature (which indeed strongly resembles the
highfield Abrikosov FE and by analogy will be called
a lowfield Josephson FE).
Turning to the discussion of the obtained results, let
us show how the formation and pinning (by the
Fig. 1. XRD pattern of YBa2Cu3O7 – δ single crystals.
Fig. 2. EDX spectrum of YBa2Cu3O7 – δ single crystals
prepared under argon atmosphere along with the theoreti
cal value for each component (error bars are taken with the
accuracy of ±10%).
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Archimedean spirals) of spiral Josephson vortices
(fluxons) can manifest itself as a pronounced lowfield
peak in the measured magnetic response. According to
this scenario, the peak field hp(T) (where susceptibility
exhibits a fishtaillike lowfield maximum) can be
related to the fluxon critical field hf(T) = Φ0/dbf. The
latter defines the onset for fluxon motion. More pre
cisely, for h0 > hf(T) spiral fluxons start to rotate along
the weaklink regions of the Archimedean spirals.
Here, d = 2λL + c  2λL, is the width of the contact
with λL, being the London penetration depth of the
superconducting region and c the thickness of non
superconducting region in the vicinity of the screw
defined by the vertical step height (distance between
terraces of the screw dislocation along the caxis of
YBCO crystal). Typically [22], c is of the order of a
unit cell (that is c  1.2 nm). bf(T) is the temperature
dependent pitch of the spiral Josephson vortex.
According to the theoretical predictions [13], bf(T) =
5λJ(T)/γ(T), where λJ =  is the Josephson
penetration depth (which also defines a size of the
conventional 1D Josephson vortex and the lower
Josephson field hJ = Φ0/λJd with JC(T) being the crit
ical current density; the temperature dependent factor
γ(T) accounts for the onset border for spiral fluxon
motion [13]. In our case, γ(T) = h0/hf(T) > 1. Recall
[13] that the dynamics of the spiral fluxons is paramet
rically defined in polar coordinates as follows, xf(t) =
ρcos[nθ(ρ) – Ωt] and yf(t) = ρsin[nθ(ρ) – Ωt] where
n is the number of arms and Ω is the angular velocity
of fluxon rotation. In particular, for θ(ρ) = ρ/bf, the
above relations describe the Archimedean spiral with
Φ0/μ0JCd
Fig. 3. (a) SEM photography of YBa2Cu3O7 – δ single
crystals showing a giant screw dislocation (having the
structure of the Archimedean spiral) with a = 3 spiral turn
ings and the pitch b = 18.7 μm (magnification 500 times),
(b) Sketch of the onearmed Archimedean spiral with
three 360° turnings (counterclockwise) in polar coordi
nates (ρ, θ) and a pitch (distance between successive turn
ings) b.
Fig. 4. A fishtaillike structure of magnetic field depen
dence of the AC susceptibility χ'(T, h0) in YBa2Cu3O7 – δ
single crystals for various temperatures.
TC
40 µm
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pitch bf. Above the critical field of the single spiral
fluxon hf(T), the applied magnetic field first starts to
penetrate the weakened regions (near the surface of
the sample) which are situated in the vicinity of screw
dislocations (see Fig. 5, top). There are two possibili
ties depending on the field orientation. Flux can either
enter by climbing up the screw dislocation from bot
tom to top (for field applied parallel to the surface) or
by sliding down the screw from top to bottom (for field
applied normally to the surface). In both cases, the
freely rotating spiral fluxon eventually gets trapped
(stabilized) inside the Archimedean spiral of the defect
(see Fig. 5, bottom). To discuss the temperature evolu
tion of the introduced parameters, in Fig. 6 we present
the fitting results for the temperature dependence of
the normalized critical current density JC(T) in our
crystals, extracted from the AC susceptibility data
using the usual procedure based on the critical state
model [23]. A crossover between two different types of
behavior is clearly seen near T* = 0.8TC. A lowtem
perature region (T < T*) was found to follow the well
known [24] twofluid model dependence (solid line in
Fig. 6) JC(T) = JC(0)(1 – t
4)3/2 with t = T/TC, while
closer to TC (for T > T*) our data are better fitted by a
proximitytype behavior [24] (dotted line in Fig. 6)
JC(T) = JC(0)(1 – t2)2, most likely related to normal
regions produced by oxygen deficiency and defect
related structure. The extrapolated from the above fits
zerotemperature value of the critical current density
in our single crystals is JC(0) = 5 × 108 A/m2. Assuming
[24] λL(0)  100 nm for the London penetration depth
and using the above value of JC(0), we obtain λJ(0) 
3.6 μm for an estimate of zerotemperature Joseph
son penetration depth which in turn results in bf(0) 
18 μm/γ(0) and hf(0)  5.5γ(0) Oe for the pitch of the
spiral fluxon and the critical fluxon field, respectively.
On the other hand, giant screw dislocations with a
pronounced structure of Archimedean spiral (with the
pitch b = 18.7 μm, see Fig. 3), responsible for creation
of Josephson contact areas S(T) = db = (2λL(T) +
c)b  2λL(T)b, leads to the temperature dependence of
the peak field hp(T) = Φ0/S(T)  Φ0/2λL(T)b. Using
twofluid model predictions for the explicit tempera
ture dependence of the London penetration depth and
critical current density, λL(T) = λL(0)/  and
JC(T) = JC(0)(1 – t
4)3/2 with t = T/TC, we obtain
λJ(T = 50 K)  3.75 μm, bf(T = 50 K)  18.75 μm/γ
(T = 50 K), hf(T = 50 K)  5.33γ(T = 50 K) Oe, and
hp(T = 50 K)  5.34 Oe for the Josephson penetration
depth, the pitch of the spiral fluxon, the critical fluxon
1 t4–
Fig. 5. (a) The structure of the onearmed Josephson spiral
fluxon with pitch bf winding around the Archimedean spi
ral of the screw dislocation (c is distance between terraces
along the caxis of YBCO crystal). (b) Trapping (stabiliza
tion) of the onearmed Josephson spiral fluxon by the
matching onearmed Archimedean spiral of the giant
screw dislocation.
Fig. 6. The best fits for the dependence of the normalized
critical current density on reduced temperature T/TC
deduced from the AC susceptibility χ'(T, h0) data. 
T/TC
T/TC
C
C
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field, and the peak field, respectively. Observe that for
γ(T = 50 K)  1.003 we have a perfect match between
the screw dislocation spiral pitch b (see Fig. 3) and
fluxon spiral pitch bf  (T = 50 K) leading to manifesta
tion of the observed here lowfield Josephson FE at
hp(T = 50 K)  hf(T = 50 K). Likewise, for higher tem
peratures the perfect match is achieved using λJ(T =
60 K)  3.95 μm and λJ(T = 70 K)  4.4 μm for the
Josephson penetration depth along with the two fitting
parameters γ(T = 60 K)  1.05 and γ(T = 70 K)  1.17.
Besides, the aboveobtained temperature dependence
of the peak field hp(T) correctly describes the observed
slight shifting of the FE to lower applied fields with
increasing the temperature (namely, hp(T = 60 K) 
5.0 Oe and hp(T = 70 K)  4.5 Oe). Notice also that,
for the same temperatures, the lower Josephson field,
hJ = Φ0/λJd, responsible for creation of conventional
1D vortices with the size of λJ(T), is too high to
account for the observed lowfield FE. Finally, let us
estimate the pinning force density fp for a spiral fluxon.
By analogy with Abrikosov vortex core pinning by
screw dislocations [5, 25], we obtain fp  (1/2)μ0 bf 
10–6 N/m which, in the single vortex limit fp = Φ0JC,
corresponds to the maximum value of the critical cur
rent density JC  5 × 10
8 A/m2 in our crystals.
In summary, employing a highly sensitive home
made AC magnetic susceptibility technique to single
crystals of YBa2Cu3O7 – δ with giant 3D screw disloca
tions (having the structure of the 2D Archimedean spi
ral), we observed a manifestation of the lowfield ana
log of the highfield (Abrikosov) fishtail effect, attrib
uted to highly efficient pinning (stabilization) of
rotating spiral Josephson vortices by the matching
screw defects.
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